THE MECHANISM OF ACTION OF ASPIRIN-LIKE DRUGS
When I arrived at the Department of Pharmacology at the Royal College of Surgeons in England in early 1971 to do my PhD under the supervision of John Vane, the laboratory had three notable characteristics. These were the widespread use of the bioassay cascade technique as described by John (Vane 1964) , a clearly focused interest in the potential metabolic function of the lungs (Piper et al. 1970) , and a highly interactive and intellectually stimulating atmosphere where discussion of science was actively encouraged. It was an exciting time; the idea that aspirin-like drugs might be inhibiting prostaglandin biosynthesis had been taking shape and experiments were being carried out to investigate this hypothesis.
My introduction to the bioassay technique was to learn to prepare the bioassay tissues normally used for the detection of the inflammatory mediators known as prostaglandins (Vane 1964) , to superfuse their biological precursor (arachidonic acid) over the tissues and to see whether the responses could be blocked by either aspirin or indomethacin. The results showed that the responses to arachidonic acid were indeed inhibited by both anti-inflammatory compounds. At the same time, other experiments in the laboratory were also showing that aspirin and indomethacin were inhibiting the generation of prostaglandins in lung homogenates.
A few weeks into the project I was asked by John to abandon those bioassay experiments and to join him and Sergio Ferreira in a project using the spleen of the dog in vivo to investigate the release of prostaglandins by catecholamines and to look for inhibition of this release by aspirin-like drugs. The experiments were successful and, together with those carried out on lung homogenates, resulted in two of the landmark papers on the mechanism of action of aspirin-like drugs Vane 1971) . A third paper, published at the same time by Brian Smith & Jim Willis, showed that the generation of prostaglandins by platelets obtained from humans was inhibited following the ingestion of aspirin (Smith & Willis 1971) .
These findings have had very significant consequences and ramifications which continue to unfold after more than 30 years. For me, as a PhD student, they represented the starting point of a fascinating three years of hard work and excitement. Besides investigating the mechanisms by which prostaglandins modulate sympathetic neurotransmission Ferreira et al. 1973) , Sergio and I started to collaborate on a project dedicated to understanding the way in which prostaglandins participate in pain and inflammation. This led to the finding that prostaglandins, instead of behaving like the classical mediators of the inflammatory process such as bradykinin or histamine, were acting as modulators of the actions of these mediators. This was first shown in experiments on pain and later on oedema formation (see Ferreira 1972; Moncada et al. 1973) . The latter experiments were published at the same time as results from Williams & Morley (1973) , who essentially described the same phenomenon but in relation to vascular permeability. Thus, prostaglandins were a kind of amplification system which was removed when aspirin or its congeners were administered.
In the early 1970s, our knowledge of the pathway of biotransformation of arachidonic acid was scanty (see figure 1a) , and the discovery of the mode of action of aspirin-like drugs simply indicated that they inhibit the generation of the E and F-type prostaglandins. These had been identified in inflammatory exudates (Willis 1969; Di Rosa et al. 1971) and were able to reproduce inflammatory signs and symptoms, including fever, when injected into animals or man ( Juhlin & Michaelsson 1969; Crunkhorn & Willis 1971) . Since E-type prostaglandins were also known to be released from the stomach (Bennett et al. 1967 ) and aspirin-like drugs all induce gastrointestinal symptoms, including peptic ulceration, it was proposed (Vane 1971 ) that prostaglandin synthesis somehow protects the mucosa from damage and that this protective mechanism is removed by aspirin-like drugs.
There was, however, an effect that could not be explained at the time and this related to the fact that, from its very early use, aspirin was known to cause a bleeding disorder (Binz 1891) . Over the years this clinical observation was made repeatedly (Singer 1945) , leading to the suggestion by Craven (1953) that aspirin might be used for the prevention of thrombosis. The paper by Craven is a meticulous description of clinical observations with remarkable insight into the potential therapeutic value of this compound. It was presented to the Mississippi Valley Medical Society and received the third prize in an essay contest. I have not found out which essays were considered to be better than this one and wonder whether either of them was as clear or prophetic as that of Craven. The solution to the mystery of the action of aspirin on bleeding came from discoveries made between 1973 arachidonic acid (a) and 1975 on the unstable metabolites of arachidonic acid. A cyclic endoperoxide intermediate in the synthesis of prostaglandins had been proposed as early as 1967 (Nugteren et al. 1967; Samuelsson et al. 1967) . A few years later such a compound was isolated from incubations of arachidonic acid with sheep vesicular glands (Hamberg & Samuelsson 1973; Nugteren & Hazelhof 1973) . The enzyme responsible for the synthesis of prostaglandins, known as cyclooxygenase (COX), has in effect two enzymic activities, the COX proper which cyclizes and introduces oxygen into the unesterified precursor fatty acid to form prostaglandin G 2 (PGG 2 ) and is the one blocked by aspirin-like drugs, and a peroxidase activity which reduces PGG 2 to PGH 2 . These cyclic endoperoxides are unstable and are further converted into different products by a variety of enzymes (figure 1b). Furthermore, they were shown to be released during platelet aggregation (Hamberg et al. 1974; Smith et al. 1974; Willis et al. 1974; Svensson et al. 1975) and to induce this process at low concentrations (Hamberg et al. 1974; Willis et al. 1974; Svensson et al. 1975) . Another property of these compounds was their ability to contract an isolated strip of rabbit aorta, thus mimicking the action of a mysterious unstable substance described a few years earlier by Piper & Vane (1969) , the release of which during anaphylactic shock was inhibited by aspirin-like drugs. They named this substance Rabbit Aorta-Contracting Substance or RCS. Since the release of RCS from lungs could also be observed following an infusion of arachidonic acid, it was suggested to be an intermediate in the biotransformation of arachidonic acid (Vargaftig & Dao 1971) . In 1975, a new labile intermediate formed during the conversion of PGG 2 into its stable hemiacetal derivative named thromboxane B 2 was discovered. The intermediate, named thromboxane A 2 (TXA 2 ), was found to be even more unstable than the prostaglandin endoperoxides and a more potent inducer of platelet aggregation and contractor of the rabbit aortic strip . It was postulated that this compound, which was also generated during platelet aggregation, accounted for the activity of RCS. However, it remained unclear whether RCS comprised TXA 2 alone, a mixture of TXA 2 and prostaglandin endoperoxides, or, in some cases, only the latter.
In the summer of 1975, following Samuelsson's presentation of the above data on TXA 2 at an International Prostaglandin Conference in Florence, we decided to investigate further the conversion of PGG 2 into TXA 2 . By this time both John Vane and I had moved to the Wellcome Research Laboratories in Beckenham. The project was carried out with Stuart Bunting, who was a sandwich student doing a BSc at Chelsea College, and we were joined by Phil Needleman who was on sabbatical leave in our laboratory. Those studies, which were possible due to the availability of prostaglandin endoperoxides from Samuelsson's laboratory, led us to the identification in platelet 'microsomes' of an enzyme (Needleman et al. 1976 ), which we later called thromboxane synthase, involved in the conversion of endoperoxides into the more potent TXA 2 (figures 2 and 3). We found this enzyme in platelets (Needleman et al. 1976) , lungs (Nijkamp et al. 1976; Gryglewski et al. 1976 ) and polymorphonuclear leukocytes (Higgs et al. 1976) . These studies identified the differences in the pharmacological behaviour of TXA 2 and prostaglandin endoperoxides and confirmed that the main product of arachidonic acid in platelets was TXA 2 . This further clarified the mechanism by which aspirin might exert its anti-thrombotic action. Other consequences of this work were the identification of the first series of inhibitors of the enzyme thromboxane synthase (Moncada et al. 1977a) and our gaining of a great deal of experience in developing bioassay techniques for unstable substances such as TXA 2 , whose half life was approximately 30 s. This experience was going to be crucial for much of the work that I pursued over the next 20 years. Figure 3 . Differential bioassay of rabbit aorta-contracting substances. PGG 2 (200 ng) was added to 500 ml of Tris buffer at 0 8C and a 50 ml sample (equivalent to 20 ng) was tested on the bioassay tissues. Immediately after testing, horse platelet microsomes were added to the PGG 2 solution and 50 ml was tested 2 min later. The responses to a high dose of PGG 2 and to PGE 2 are also shown for comparison. Reprinted, with permission, from Needleman et al. (1976) .
THE DISCOVERY OF PROSTACYCLIN
The discovery of a novel prostaglandin (PGX), which we later called prostacyclin, came about from our interest in 'mapping' the distribution of thromboxane synthase in the body, more specifically, from my own interest in some unrelated experiments which were being carried out in our laboratory. Measurements of cutaneous bleeding time in the rat tail were proving difficult not only because the readings were erratic but mostly because there was sometimes an almost immediate stoppage of bleeding. It was as if a vasospastic phenomenon was aiding the platelet aggregation which is responsible for the formation of the haemostatic plug and which should normally take place about 3 min following a cut. This, and my reading of an article by Morrison & Baldini (1969) suggesting that platelets and vascular endothelium share some common proteins, gave me the idea that we should look for TXA 2 generation in the vasculature. When Richard Gryglewski joined us soon after for a short stay in Beckenham, I suggested that we should undertake such a project, again with Stuart Bunting, who by then had become an expert in the methodologies required to carry out this work.
The initial experiments were frustrating for, although other tissues generated TXA 2 as well as prostaglandins from the endoperoxides, the vessel wall was not making anything that we could detect by the usual bioassay tissues. In fact, it looked totally inert. It was Stuart Bunting who one day noticed that, although there was no detectable product, something unusual was happening to the activity of the prostaglandin endoperoxides. When he showed me the tracing of the experiment he had just carried out we came to the conclusion that the endoperoxide seemed to be disappearing on incubation with the vascular preparation (figure 4). I suggested two experiments: one was to boil the vascular wall preparation to see whether the disappearance of the vasoconstrictor activity of the prostaglandin endoperoxide on incubation was indeed enzymatic, and the other was to incubate PGE 2 with our vessel wall preparation in case this compound was being made but also being metabolized to an inactive end-product. By the following morning we knew that we had most probably discovered a new product of arachidonic acid, which we started to call prostaglandin X (PGX).
For the next few weeks we carried out many experiments trying to elucidate what this mysterious substance might be. One possibility was that it was 12-hydroxy-5,8,10-heptadecatrienoic acid (HHT), another product of the breakdown of prostaglandin endoperoxides; however, experiments comparing PGX with HHT showed that they were different. The situation was, in addition, bedevilled by the fact that thin-layer radiochromatography of the products of the conversion of arachidonic acid in the vasculature yielded a product with an approximate Rf of 0.48, which was very similar to that of PGE 2 (RfZ0.51). There was, however, a glimmer of hope and an indication that PGX was different from PGE 2 and might have some vasodilator properties not shared by the latter. This came from studies on strips of bovine coronary arteries, which Stuart and I had been working with and which contracted to PGE 2 while they clearly relaxed to PGX (figure 5); furthermore, and very importantly, while PGE 2 was a stable compound, PGX was unstable in physiological solutions. So we were in the situation in which we had found a new unstable vasodilator derived from arachidonic acid in the vasculature and no clue as to where exactly to go next.
The breakthrough came during a casual conversation with Richard Gryglewski and Stuart Bunting when it occurred to me that since we had been looking for TXA 2 , a constrictor and pro-aggregating substance, and we had found a vasodilator, perhaps the vessel wall had a system to oppose TXA 2 , and PGX might also have platelet anti-aggregating properties. It sounded Figure 4 . Conversion of PGG 2 by aortic microsomes. In a bioassay using (a) rabbit aortic strip and (b) rat colon, PGE 2 and PGF 2a contracted rat colon, whereas PGG 2 contracted rabbit aorta. The spontaneous disappearance of PGG 2 following incubation for the times indicated resulted in the appearance of PGE-and PGF-like activity. In the presence of aortic microsomes (AM), however, the contractile activity of PGG 2 disappeared within 0.5 min but no PGE-or PGF-like activity was formed, even after 20 min. This did not occur when the AM were boiled. Reprinted, with permission, from Moncada et al. (1976a). far-fetched; nevertheless that same afternoon Stuart and I carried out the first experiment which demonstrated the powerful anti-aggregating effect of PGX (figure 6; Moncada et al. 1976a) and opened the door to most of what happened in our laboratory over the following years.
We were, however, still no closer to the actual identity of this newly discovered pathway until John Vane and I attended the Prostaglandin Conference in Vail, Colorado in 1976 and heard Cecil Pace-Asciak presenting data about a compound he had identified in the rat stomach derived from arachidonic acid, namely 6-oxo-PGF 1a (Pace-Asciak & Wolfe 1971) . On hearing the talk we agreed that it would be worth investigating whether this had anything to do with our work. We contacted Richard and Stuart, who had stayed behind in the UK, and suggested that they make a homogenate of rat stomach to see whether they could find in it an unstable intermediate which would inhibit platelet aggregation with the characteristics of PGX. Within a couple of days we knew not only that our PGX was most probably an intermediate in the pathway to 6-oxo-PGF 1a , but also that it was present in the rat stomach!
The identification of the structure of PGX was the result of a collaboration with the Upjohn Company, at that time the main company dedicated to prostaglandin research. This collaboration proved to be very successful since it led to the elucidation soon afterwards of the structure of PGX, which we then named prostacyclin (PGI 2 ) ( Johnson et al. 1976) . We announced the structure of prostacyclin at a meeting in Santa Monica, California on the 3rd December 1976. Shortly afterwards we demonstrated that human arterial and venous tissues generate prostacyclin both spontaneously and from arachidonic acid (Moncada et al. 1977b) . We also showed that the actions of prostacyclin are mediated via activation of adenylate cyclase and the subsequent increase in cyclic AMP concentrations (Tateson et al. 1977) . Prostacyclin has turned out to play a variety of roles in the cardiovascular system beyond its vasodilator and anti-platelet-aggregating effects, the discussion of which is beyond the scope of this review (see Moncada & Vane 1979) .
We, at Wellcome, made the decision to develop prostacyclin as a medicine and also to initiate a programme of drug discovery in collaboration with the Upjohn Company. This led to the synthesis and testing of about 1000 compounds, looking for a stable, hopefully orally active, anti-thrombotic and gastroprotective agent. Of all of those, to my knowledge only one, treprostinil sodium, has been developed successfully and is marketed as Remodulin, a stable analogue for subcutaneous or intravenous administration to patients with pulmonary arterial hypertension (Horn & Barst 2002) . Prostacyclin has been used in cardiopulmonary operations and in transplant surgery, but its most widespread and life-saving use has been in patients with primary pulmonary hypertension where its efficacy or that of its analogues, as intravenous, oral or inhaled preparations, is now clearly established (Gibbs et al. 2004) .
THE HOMEOSTATIC BALANCE BETWEEN PROSTACYCLIN AND TXA 2
The discovery of prostacyclin was of major significance to vascular biology because, among other things, it led to the concept that a balance between prostacyclin and TXA 2 was important for vascular homeostasis and that disturbances of this balance might underlie some forms of vascular pathology (Moncada et al. 1976a) . In addition, the pivotal role of the prostaglandin endoperoxides in relation to both pathways (see figure 1c) rat colon rat stomach chick rectum bovine coronary artery PGE 2 2 ng ml -1 PGX 10 ng ml -1 Figure 5 . Differential bioassay of prostacyclin (PGX) and PGE 2 . The tissues were arranged in a cascade, one above the other, and PGX (10 ng ml
K1
) and PGE 2 (2 ng ml K1 ) were infused over the tissues for 1 min. PGX, but not PGE 2 , caused a relaxation of the bovine coronary artery. Figure 6 . Comparison of the anti-aggregatory potencies of prostacyclin (PGX) and PGE 1 . PGX was obtained by incubation of 100 ng PGH 2 with 500 mg of aortic microsomes in 100 ml of 0.05 M Tris buffer for 2 min at 22 8C and then stored on ice. PGX and PGE 1 were added to human plateletrich plasma 1 min before the platelets were aggregated with arachidonic acid (AA, 1 mM). In this experiment, PGX is at least 25 times more potent as an anti-aggregating agent than PGE 1 . Reprinted, with permission, from Moncada et al. (1976a). suggested the possibility that this balance could be manipulated.
Some of the experiments that we carried out to investigate this possibility included the demonstration that we could 'feed' authentic endoperoxides to aortic microsomes in a platelet suspension and inhibit platelet aggregation (Moncada et al. 1976b) and that indomethacin-treated arterial rings, when added to plateletrich plasma were able to generate prostacyclin from the prostaglandin endoperoxides released by the aggregating platelets and so prevent their further aggregation (figure 7; Bunting et al. 1976) .
The concept of the 'balance' was further strengthened by an entirely serendipitous finding made in the course of those studies. This was the observation that peroxides of arachidonic acid and other polyunsaturated fatty acids inhibit the enzyme, prostacyclin synthase, which converts the prostaglandin endoperoxides into prostacyclin. We discovered this as a result of a break of a few days in our laboratory work when we used a solution of arachidonic acid that had been left in the fridge, rather than a fresh solution, as a substrate for the generation of prostacyclin by vascular tissue. We observed that the tissues could not generate prostacyclin from this solution, nor were they then able to make prostacyclin from freshly prepared arachidonic acid. We surmised that the original solution, which was 'somewhat yellow' contained peroxides of arachidonic acid-something likely to happen when a polyunsaturated fatty acid is left in a bottle-and that those were responsible for the observed inhibitory action. This turned out to be correct when we prepared peroxides of arachidonic acid and they prevented the synthesis of prostacyclin (Moncada et al. 1976b; Gryglewski et al. 1976 ). These findings suggested that inhibition of prostacyclin synthase would not only inhibit the production of the anti-thrombotic prostacyclin but would also boost-by transfer of prostaglandin endoperoxides-the aggregation of platelets leading to a pro-thrombotic situation (Moncada et al. 1976b) .
A significant clue to the way in which the balance might be operating in vascular disease came from studies which suggested that both prostacyclin and thromboxane metabolites in urine were increased in patients with unstable angina or atherosclerosis in which platelet activation was increased Fitzgerald et al. 1986 ). This led to the suggestion that the enhanced prostacyclin was a compensatory response initiated by the platelet aggregation, in which case the prostacyclin might be playing an active defence role. As I will discuss later, this is most probably the case in view of the overwhelming evidence indicating that atherosclerosis is an inflammatory disease (Ross 1999) , in which case prostacyclin would be upregulated by both platelet aggregation and the underlying inflammatory process.
THERAPEUTIC IMPLICATIONS OF THE PROSTACYCLIN/TXA 2 BALANCE
Our studies led us to propose that thromboxane synthase inhibitors would not only inhibit thromboxane formation but would enhance the generation of prostacyclin, resulting in a superior anti-thrombotic situation (Moncada et al. 1976b; Moncada et al. 1977a) . Such compounds were synthesized and investigations on their potential therapeutic effects were carried out. This led to the synthesis of thromboxane receptor antagonists, some of which would also possess thromboxane synthase inhibitory activity. Several of these compounds were developed and launched as drugs and others are still under clinical evaluation (Ishizuka et al. 2003; Dogne et al. 2004; Hanson et al. 2005) . However, their potential superiority over aspirin has never been fully investigated due, at least in part, to the great success of the use of small doses of aspirin in anti-thrombotic therapy.
The finding that small doses of aspirin might be an effective anti-thrombotic treatment owes a great deal to research originating from the concept of the balance between prostacyclin and TXA 2 (for review see . The demonstration of the differential sensitivity of platelet versus vessel wall COX (Burch et al. 1978a,b) , coupled with the earlier demonstration of the irreversible acetylation of platelet COX by aspirin (Roth & Majerus 1975) and the suggestion that high doses of aspirin might have prothrombotic actions (Kelton et al. 1978 ) led us to carry out a series of experiments both in animals (Korbut & Moncada 1978) and humans (O'Grady & Moncada 1978) . In the latter, we measured cutaneous bleeding time and showed that low doses of aspirin are more effective than high doses in prolonging the bleeding time. Furthermore, we found that a high dose of aspirin would increase the bleeding time only after several hours, at which time the vessel wall COX had recovered and could generate prostacyclin while the platelets remained inhibited (Korbut & Moncada 1978; Amezcua et al. 1979) . Following these discoveries the actions . Inhibition of platelet aggregation by prostacyclin (PGX) generated from rings of mesenteric artery from indomethacin-treated and control rabbits. Cut rings of artery (6 mg) from a control rabbit were incubated in 1 ml Tris buffer for 3 min. An aliquot (20 ml) of the supernatant from the incubation mixture added to the platelet-rich plasma (PRP) inhibited the aggregation induced by adenosine diphosphate (ADP; 10 mM). Addition of 6 mg of the rings themselves also prevented platelet aggregation. Supernatant from rings of mesenteric artery (6 mg), removed from an indomethacin-treated rabbit and incubated in Tris buffer as above, did not inhibit platelet aggregation. However, when the rings were added to the PRP, ADP-induced aggregation was prevented. Thus, the rings were able to use endoperoxides generated by the platelet to synthesize PGX. Reprinted from Bunting et al. (1976) . Copyright (1976) with permission from Elsevier. of aspirin were extensively studied and the effectiveness of low doses of aspirin established. Aspirin at low doses, i.e. 75 mg a day, blocks the platelet COX permanently and spares the vessel wall (Patrono et al. 1985; De Caterina et al. 1985) . This differential effect is partly due to the fact that aspirin at low oral doses only reaches the pre-systemic circulation, where it slowly acetylates the platelet enzyme during repeated administration . The anti-thrombotic effect of low-dose aspirin has now been firmly established in a number of clinical trials (Worrall & Johnston 2000; Antithrombotic Trialists' Collaboration 2002; Landolfi et al. 2004; Ridker et al. 2005) and its prophylactic use is widespread.
Interestingly, further investigations on the way in which continuous administration of therapeutic doses of other non-steroidal anti-inflammatory drugs (NSAIDs) affect the balance between prostacyclin and TXA 2 concentrations have never been carried out and as a result only very fragmentary information exists (e.g. Cullen et al. 1998; Capone et al. 2004 ). The possibility that drugs which lack the differential effect of aspirin on platelet and vessel wall COX might have a prothrombotic action has only been raised very recently (Hippisley-Cox & Coupland 2005) as a result of the problems related to the use of the newest type of NSAIDs, the coxibs, which I will now discuss.
In the early 1990s, a novel isoform of the COX enzyme was identified in cells such as monocytes and macrophages (Fu et al. 1990; Xie et al. 1991) . This enzyme, which became known as cyclo-oxygenase 2 (COX-2), was initially thought to be expressed only during inflammation and to generate the prostaglandins that participate in this process. COX-2 therefore differed from the COX enzyme that was already known (COX-1), which was constitutive and generated prostaglandins involved in physiological mechanisms (Morita 2002) . Based on this, it was suggested that selective inhibitors of COX-2, if developed, would have anti-inflammatory effects without the side effects of gastrointestinal ulceration, bleeding and platelet dysfunction which characterize the use of the classical NSAIDs and result from inhibition of the housekeeping enzyme COX-1 (see FitzGerald & Patrono 2001) .
Over the next 10 years or so, a large effort was mounted by the pharmaceutical industry to develop such compounds, leading to the introduction in 1999 of the first selective COX-2 inhibitors, namely celecoxib and rofecoxib, followed by valdecoxib (FitzGerald & Patrono 2001) and others. The success of coxibs was so great that by the year 2000 they represented three-quarters of the value of total sales of NSAIDs in the USA (FitzGerald 2003) . The compounds proved to possess analgesic and anti-inflammatory activity (see FitzGerald & Patrono 2001) and have a slightly reduced capacity to induce serious adverse gastrointestinal effects (Bombardier et al. 2000; Silverstein et al. 2000; Baigent & Patrono 2003) ; however, the VIGOR study suggested an increase in cardiovascular side effects (Bombardier et al. 2000; Mukherjee et al. 2001) . This was later confirmed in a trial designed to investigate the hypothesis that COX-2 inhibitors could prevent recurrent colonic polyps (Bresalier et al. 2005) and in two other studies (Solomon et al. 2005; Nussmeier et al. 2005) . These results led to the withdrawal of rofecoxib from the market. As a result there is significant debate in relation to the hypothesis which led to the development of these drugs, to the currently accepted design of clinical trials and to ethical considerations relating to modern marketing procedures of pharmaceuticals. This debate is still ongoing at the time of writing this manuscript (Frantz 2004; Usdin 2005; Drazen 2005 ).
The fact that diverse compounds from the same class show the same type of toxicity points to a class effect and thus to a common mechanism of action. This became clear from studies showing that oral administration of celecoxib to human volunteers substantially inhibited systemic prostacyclin biosynthesis while it only slightly reduced the synthesis of TXA 2 and did not inhibit platelet aggregation (McAdam et al. 1999) . Similar results were obtained using rofecoxib . This led the authors to speculate that, in the vasculature, COX-2 was the predominant source of prostacyclin. Thus, inhibition of COX-2 might mediate a risk of thrombosis in predisposed individuals (see FitzGerald 2003) .
The pharmacological and clinical evidence in favour of the TXA 2 /prostacyclin balance hypothesis in the cardiovascular system (Moncada et al. 1976a) had until that time come mainly from the selective inhibition of TXA 2 in platelets by aspirin. However, it had not been established whether the anti-thrombotic effect of aspirin is entirely due to inhibition of TXA 2 or whether some of it is attributable to the spared prostacyclin. If the cardiovascular side effects of the coxibs are due to inhibition of vascular prostacyclin, as now seems likely, this would provide definitive evidence that the latter plays an important role in vascular protection and that the balance hypothesis is correct. However, this leads to further questions. For example, the cardiovascular side effects of the coxibs have been observed in adults who might have other risk factors, and only following long-term administration. Thus, the 'protection' of the vessel wall seems to be provided by the larger amounts of prostacyclin generated by a COX-2 in relatively advanced disease. It is, therefore, still not clear how much of an independent risk factor in cardiovascular disease is the simple decrease or abolition of constitutive prostacyclin synthesis. In addition, it remains to be investigated in detail what is the status of a cardiovascular system in which both prostacyclin and TXA 2 are absent, a situation which is likely to occur following continued administration of therapeutic doses of the majority of the classical NSAIDs (see table 1 ). (Furchgott & Zawadzki 1980) . Subsequent studies revealed that acetylcholine and other agents release a transferable factor (endothelium-derived relaxing factor, EDRF) which is unstable, acts via stimulation of the soluble guanylate cyclase and is inhibited by haemoglobin and methylene blue (Furchgott et al. 1984) . My interest in this area was stimulated in 1984 when Bob Furchgott visited our laboratories in Beckenham to request a lipoxygenase inhibitor, BW755C, which had been synthesized at Wellcome (Higgs et al. 1979) . The hypothesis that EDRF might be a product of arachidonic acid metabolism via the lipoxygenase pathway (Singer & Peach 1983 ) was one of several at that time, thus a selective inhibitor of its synthesis would help to test this possibility. Nevertheless, within a few months Furchgott informed us that the experiments had not been successful and that EDRF must be something else. By early 1985, we started to work on this ephemeral substance. Due to my previous experience, I was convinced that if more detailed quantitative pharmacology was to be carried out and if the structure of EDRF was to be elucidated we required bioassay tissues mounted in cascades, similar to those that had been used for the identification of thromboxane synthase and the discovery of prostacyclin. We therefore decided not to follow the main trend of comparing vascular strips with and without endothelium but instead proceeded to culture vascular endothelial cells on microcarrier beads, perfuse them inside a modified chromatography column and use the effluent to superfuse vascular tissues denuded of endothelium as a detection system for EDRF (figure 8). Angus and colleagues developed a similar system in which the effluent of a volume of endothelialized beads packed in the barrel of a syringe was used to perfuse a single arterial ring (Cocks et al. 1985) . In order to carry out this work, I invited Richard Palmer, who had a great deal of experience working with cell cultures, to join me in developing such a system. I also invited Richard Gryglewski who was again visiting us for another sabbatical leave.
The combination of cell culture with a bioassay cascade was a success and its first use was for the online detection of the vasorelaxant activities of prostacyclin and EDRF (Gryglewski et al. 1986a ). This had not . Bioassay system used to detect the release of EDRF from endothelial cells. Porcine aortic endothelial cells were grown in culture on microcarrier beads (approx. 70 mm), which were packed into a modified chromatographic column. Inset shows an electronmicrograph of a bead covered in endothelial cells. The beads were perfused with Krebs buffer at 37 8C and the perfusate was allowed to flow over the bioassay tissues (four rabbit aortae denuded of endothelium). The time taken for the superfusate to reach the first tissue was 1 s and the gap between each subsequent tissue was 3 s. Reprinted, with permission, from Gryglewski et al. (1986a). been tried before and was the first comparative study of the two mediators, obviously linking our past with our present work. More importantly, perhaps, it led to two observations which, in the long run turned out to be significant; first, that superoxide (O 2 K ) anions are involved in the inactivation of EDRF (Gryglewski et al. 1986b ) and second, that several of the described inhibitors of EDRF were redox compounds which generated O 2 K in solution and this was the mechanism by which they inhibited EDRF (Moncada et al. 1986 ). The significance of the first observation was twofold; in the first instance, destruction of EDRF or NO by O 2 K was later used as a test for the identity between these two substances by both Furchgott (see Furchgott 1990 ) and ourselves (Palmer et al. 1987) and second, generation of O 2 K in the vasculature is now recognized as a key mechanism in the development of vascular dysfunction and disease. The second observation showed that all the claims about the nature of EDRF based on results with pharmacological inhibitors using an assigned mechanism of action were most probably wrong. All those compounds, independent of their pharmacological classification, shared a property, i.e. redox activity, which explained their activity as EDRF inhibitors/blockers. Furthermore, our experiments led us to suspect that EDRF might be a free radical and therefore focused the quest to elucidate its chemical structure.
In 1987, based on the observations that superoxide dismutase (SOD, which removes O 2 K ) protected EDRF from rapid inactivation (Gryglewski et al. 1986b; Rubanyi & Vanhoutte 1986) , that haemoglobin selectively inhibited EDRF (Furchgott et al. 1984 ) and a study of the characteristics of the transient relaxations of endothelium-denuded rings of rabbit aorta to 'acidified' inorganic nitrite solutions, Bob Furchgott proposed that EDRF might be nitric oxide (NO) at a symposium in Rochester, Minnesota on Mechanisms of Vasodilatation (Furchgott 1988) . Lou Ignarro and colleagues also made a similar suggestion (Ignarro 1987; Vanhoutte 1987; Ignarro et al. 1988) . I thought that the proposal sounded extremely interesting, since the possibility of NO being generated in mammals was unknown, let alone being synthesized for a specific biological purpose. I contacted Richard Palmer back in Beckenham and suggested that he obtained some authentic NO, tried to make an aqueous solution, and compared its actions on the bioassay tissues with those produced by the material that we were releasing from the vascular endothelial cells in culture. He obtained a bottle of NO from British Oxygen Corporation and within a few days it was evident to us that the two materials resembled each other in several pharmacological tests, including their half life down the bioassay cascade (figure 9), their stabilization by SOD and inhibition by haemoglobin (Palmer et al. 1987) .
There were technical difficulties to be solved in the use of NO in biological experiments; these were related to the low solubility of NO in water and its reactivity with O 2 . Richard solved this problem by deoxygenating water by bubbling it with helium. The deoxygenated water was then used to dilute NO in glass containers into which NO was slowly added until no N 2 O 4 -a brown gas-could be seen. Those containers would keep the NO solution stable provided entry of O 2 was prevented. The other difficulty was the bioassay of such an unstable substance, after all, EDRF had a much shorter half life than TXA 2 ! Nevertheless, the experience I had accumulated in the prostacyclin/ TXA 2 project stood us in good stead.
The comparative pharmacology of EDRF/NO on vascular strips convinced us about the identity of EDRF; however, we were interested in measuring NO using methods other than bioassay. Although there are several chemical methods to measure nitrite (NO 2 K ) or nitrate (NO 3 K ), we wanted to measure not its breakdown products but NO itself as it was released from the cells following stimulation. We identified a potential method, used in the car industry and also in the food industry, based on a specific chemiluminescent signal which is generated when NO interacts with ozone. Using this technique, conveniently modified to detect very low quantities of NO, we demonstrated that NO was indeed generated from vascular endothelial cells when stimulated with bradykinin, an autacoid that produces endothelium-dependent relaxation. Furthermore, the quantities released were sufficient to account . Relaxation of rabbit aortae by EDRF and NO. A column packed with endothelial cells cultured on microcarrier beads (as described in figure 8) was perfused with Krebs buffer. The effluent was used to perfuse three spiral strips of rabbit aorta denuded of endothelium (RbA) in a cascade. The tissues were pre-contracted submaximally. Glyceryl trinitrate (GTN) over the tissues (OT) was used to standardize the sensitivity of the tissues. EDRF was released from the cells by an infusion (1 min) through the column (TC) of bradykinin (Bk). Nitric oxide (NO) was administered OT as a 1 min infusion. Reprinted, with permission, from Palmer et al. (1987). for the actions of EDRF (figure 10; Palmer et al. 1987) . Our results were confirmed a few months later by Ignarro's group using different chemical reactions to identify NO .
It had been known for some years that NO inhibits platelet aggregation (Mellion et al. 1981 ) and in 1986 it was shown that EDRF has platelet anti-aggregating properties (Azuma et al. 1986 ). Platelet studies were very significant in confirming the nature of EDRF. Comparative pharmacological studies between EDRF from vascular tissues and authentic NO demonstrated the resemblance between the two compounds in their actions on platelets (figure 11; Radomski et al. 1987a ). Moreover, we examined the interactions between Figure 11 . Anti-aggregatory action of EDRF (NO) and its potentiation by prostacyclin. (a) Sub-threshold concentrations of NO (0.1 mM) and (b) amounts of EDRF released from 0.5 ml of endothelial cells, treated with indomethacin and stimulated with bradykinin, are both potentiated by a sub-threshold concentration of prostacyclin (PGI 2 , 0.1 nM). The inhibition of aggregation induced by a combination of these sub-threshold concentrations of prostacyclin and NO was reversed by haemoglobin (Hb, 100 nM). Aggregation was induced by collagen (Coll); C represents control aggregation. Reprinted, with permission, from Radomski et al. (1987b). prostacyclin, EDRF and authentic NO on platelets and found that the anti-aggregating and the disaggregating effects of both EDRF and authentic NO were potentiated by sub-threshold concentrations of prostacyclin and vice versa (Radomski et al. 1987b) . Furthermore, prostacyclin and NO released from vascular endothelial cells by bradykinin synergized with each other to inhibit platelet aggregation, an effect that could be blocked by treatment with indomethacin and partially reversed by treatment with haemoglobin.
The origin of NO remained a question of great interest and over the following months we carried out a variety of experiments to investigate this. There were a number of options, including the suggestion that NO 2 K or NO 3 K was reduced enzymically to NO or that ammonia was the biological precursor (Vanhoutte 1987) . However, the most interesting possibility was that NO originated from the conversion of an amino acid. All these were tested without success so we decided to stop and concentrate on other things. A few weeks later, however, we came back to the project after realizing, first, that the endothelial cells were being grown in a medium which was rich in amino acids and were therefore swamped with them when we gave additional amounts in the bioassay cascade and, second, we came across two papers published a few months earlier, showing that activated macrophages generate NO 2 K and NO 3 K from the amino acid L-arginine (Hibbs et al. 1987; Iyengar et al. 1987 ). Hibbs et al. suggested that NO 2 K and NO 3 K were generated by the activity of a deiminase. However, we surmised that NO might be an unstable intermediate in the synthesis of the stable NO 2 K and NO 3 K ; this was an attractive hypothesis reminiscent of the research into prostacyclin ten years earlier. We therefore prepared a culture medium without L-arginine-hard work in those days when you could not buy such things ready made-cultured the cells in it for the 24 h before the actual experiment, put them in our bioassay system, infused L-arginine, and found that, as a result, not only could we detect NO biologically but also chemically by chemiluminescence! We identified L-citrulline as the co-product of the generation of NO and published those results in 1988 (Palmer et al. 1988a) .
There was an important additional finding associated with this work, namely the identification of N G -monomethyl-L-arginine (L-NMMA) as an inhibitor of NO generation and endothelium-dependent relaxation. The idea for this also came from the work of John Hibbs (Hibbs et al. 1987) , who had shown that L-NMMA inhibits the generation of NO 2 K in macrophages. We found that L-NMMA does indeed inhibit endothelium-dependent relaxation and the release of NO (Palmer et al. 1988b) . Over the next decade this compound became the most important pharmacological tool to investigate the presence and the roles of NO in biological systems. We also attempted to identify the enzyme responsible for the generation of NO and in 1989 identified NO synthase, able to generate NO and L-citrulline from L-arginine . Soon afterwards we showed that the enzyme incorporated molecular oxygen into two steps of the process including the formation of L-citrulline (Leone et al. 1991) . Those experiments were published after similar results by Kwon et al. (1990) . At around this time we started calling this pathway the L-arginine : NO pathway (figure 12; Moncada et al. 1989 ).
PHYSIOLOGICAL ROLES OF THE L-ARGININE : NO PATHWAY
By 1987, it had become evident to us that the generation of NO was not only taking place in the vascular wall, but was probably a widespread mechanism with far-reaching biological significance. There was, of course, the work of Hibbs (Hibbs et al. 1987) and Marletta (Iyengar et al. 1987 ) which suggested that NO was formed in macrophages. In addition, an extensive literature search that I asked for on both L-arginine and NO showed an intriguing crossreference between the two fields; in the late 1970s a group in Japan had found that brain homogenates contain a low molecular weight stimulator of the soluble guanylate cyclase which they later identified as L-arginine (Deguchi 1977; Deguchi & Yoshioka 1982) . This work suggested the existence of the L-arginine : NO pathway in the central nervous system, where we then identified the NO synthase and determined its dependency on calcium (Knowles et al. 1989) . This paper was preceded by a publication from John Garthwaite and his group demonstrating the release of EDRF from cerebellar cells following activation with N-methyl-D-aspartate (NMDA; Garthwaite et al. 1988) . We later teamed up with John to demonstrate that NMDA receptor activation induces the synthesis of NO from L-arginine in rat brain slices (Garthwaite et al. 1989 ).
An additional area of research was created with the identification of NO as the inhibitory mediator of nonadrenergic, non-cholinergic (NANC) neurotransmission in peripheral nerves (Gibson & Mirzazadeh 1989; Gillespie et al. 1989; Li & Rand 1989; Ramagopal & Leighton 1989) . This 'nitrergic' neurotransmission has been demonstrated in the gastrointestinal tract (Bult et al. 1990 ), where it is responsible for NANC-mediated relaxations of the gastric fundus (Li & Rand 1989) and effects adaptive relaxation in the stomach to increases in intragastric pressure (Desai et al. 1991) , in the corpus cavernosum where it brings about relaxation of this tissue, resulting in penile erection (Ignarro et al. 1990 ; Adventures in vascular biology S. Moncada 745 Holmquist et al. 1991) , and in the trachea (Li & Rand 1991) and the bladder (Persson et al. 1992) where it contributes to NANC-induced relaxation. This area of research not only represents the discovery of a widespread system of peripheral nerves in the body, acting alongside the classical adrenergic and cholinergic systems, but has also led to the explanation of penile erection in animals and humans and its pharmacological manipulation and use in therapy (Cellek 2000) . In this context, we have shown that selective degeneration of nitrergic nerves occurs in diabetes (Cellek et al. 1999) , thus accounting for the erectile dysfunction and gastropathy of diabetes. Damage of these nerves seems to be the direct result of the endogenous NO interacting with oxygen-derived free radicals or their products, a subject which I will discuss below. It is difficult to overstate what followed from this early work-an explosion of research into the investigation of the role of the L-arginine : NO pathway in every possible biological system. As I am writing, a review of the literature shows that since 1987 more than 32 000 papers have been written with NO in the title and there are more than 67 000 which in one way or another discuss NO. There are three main fields of research in this area, namely the cardiovascular system, the nervous system and inflammation/immunology. These are loosely based on the activity of three isoforms of the NO synthase, which were originally called endothelial and neuronal after the tissues in which they were first identified, and inducible for the isoform which is expressed in macrophages following immunological stimulation. These enzymes are also known as type III, II and I, respectively, and a great deal of structural and biochemical information has been generated about them. Inhibitors of the different isoforms have been developed and are being investigated for potential clinical use. All of that is beyond the scope of this review. There are very extensive reviews on all these subjects to which the reader is referred Alderton et al. 2001; ). I will concentrate here on some of the most significant actions of NO in the cardiovascular system and their potential relevance.
To my mind one of the most significant experiments we carried out in relation to the cardiovascular system was the demonstration that L-NMMA, when administered intravenously to an animal, causes an immediate increase in blood pressure (Rees et al. 1989a ). This experiment originated from an observation made using isolated rings of aorta while we were blocking the acetylcholine-dependent relaxation with L-NMMA. We noticed that L-NMMA by itself was producing a dose-dependent, endothelium-dependent initial contraction of the vascular tissue, suggesting the abrogation of a continuous NO-dependent relaxing tone (Rees et al. 1989b and figure 13a) . Therefore, I decided to investigate whether L-NMMA was also a constrictor of the coronary circulation in the isolated heart of the rabbit (Amezcua et al. 1989 ) and the demonstration of this effect led us to studies in the whole animal. Still, it was immensely surprising and satisfying to see the immediate elevation of blood pressure (figure 13b; Rees et al. 1989a) . It is one of those single, simple experiments which revealed a fundamental mechanism and, because of this, is an experiment whose results, when seen with hindsight, look as if they were entirely predictable. However, my first presentation of these data to the British Society of Hypertension was followed by a question made by a senior researcher in the field saying 'how do you think you have increased the blood pressure of these animals without affecting (1989a) and (c) Vallance et al. (1989) . Copyright (1989) with permission from Elsevier.
any of the important mechanisms that regulate blood pressure?' These experiments, indeed, turned our understanding of the mammalian cardiovascular system the right way round. Prior to our results, it had never been suspected that blood pressure regulation depended so much on a continuously generated local vasodilator tone, the lack of which would lead to such a significant vasoconstrictor response. Not even the discovery of EDRF and then NO could predict that the system operated in that way. This led us to suggest that conductance and not resistance was the main determinant of blood pressure regulation and that at least some forms of hypertension could be considered not as an increased resistance but as a decreased conductance of the system (figure 14). We carried out further experiments demonstrating a vasoconstrictor effect of L-NMMA in many vascular beds including the human forearm circulation (figure 13c; Vallance et al. 1989) . Our findings were confirmed in many laboratories and later received 'modern' endorsement when it was demonstrated that a model of genetic manipulation in which the endothelial NO synthase (eNOS) is knocked out exhibits a hypertensive phenotype (Huang et al. 1995) and that over-expression of eNOS in endothelial cells reduces the blood pressure (Ohashi et al. 1998) . The investigation into the role of NO in the regulation of physiological vascular tone and in hypertension continues to be one of the fastest expanding areas of research in the NO field. Judging from the extensive literature that exists on the subject I wonder whether the idea that NO-dependent vasodilatation might be the main factor regulating blood flow and pressure has indeed been accepted. For it is one thing to investigate how NO fits into a system in which resistance-inducing mechanisms are determinant and a very different one to investigate in which way resistance-inducing mechanisms affect the main NO-dependent vasodilator tone. The difference, although trivial in appearance, might be substantial for understanding how the cardiovascular system in mammals operates.
ENDOTHELIAL DYSFUNCTION
In addition to its vasodilator and platelet inhibitory actions, NO was shown to inhibit vascular smooth muscle proliferation (Garg & Hassid 1989) and to regulate white cell/vessel wall interactions (Kubes et al. 1991) . These findings, which suggested an uncanny resemblance to prostacyclin, established NO as a homeostatic regulator in the vasculature, the absence of which plays a role in a number of conditions and pathological states such as hypertension, atherosclerosis and vasospasm (for review see Moncada & Higgs 1993) .
Interestingly, the early stages of a number of these conditions have in common a specific pathophysiological feature, namely endothelial dysfunction, an entity which has been investigated over the last 25 years (see Stemerman 1981; Luscher et al. 1993) . Because of the variety of functions carried out by the vascular endothelium, endothelial dysfunction is likely to include a number of abnormalities both vascular and haemostatic. However, at present the accepted definition is that of a reduction in endothelial NO, which is measured as a decrease in endothelium-dependent vasodilatation induced either by appropriate agonists (Schachinger et al. 2000) or by flow (Neunteufl et al. 2000) . Endothelial dysfunction described in this way occurs prior to any other evidence of cardiovascular disease and can be detected in subjects with a family history of essential hypertension or other risk factors for atherosclerosis (Reddy et al. 1994; Taddei et al. 1996) . Furthermore, it has also been associated with smoking (Heitzer et al. 1996) and in general its presence is predictive of cardiovascular disease (for review see Asselbergs et al. 2005) . Decreases in NO formation may result either from reduced expression of eNOS or from changes in its substrates or cofactors such as L-arginine or tetrahydrobiopterin (BH 4 ). However, the most likely mechanism for endothelial dysfunction is that of a reduced bioavailability of NO as a result of its interactions with oxygen-derived species, specifically O 2 K . Ever since the discovery of the interaction between NO and O 2 K in the mid-1980s (Gryglewski et al. 1986b; McCall et al. 1989) we have been suggesting that this might be a way in which the actions of NO are limited in disease . The subsequent finding that the interaction between the two free radicals leads to the formation of powerful oxidant species including peroxynitrite (Beckman et al. 1990) , followed by the identification of nitrated proteins associated with its generation in many tissues including the vasculature (Schopfer et al. 2003 ) added strength to this concept. Inactivation of NO by O 2 K is part of what has been called oxidative stress, a loose term used to describe various deleterious processes resulting from an imbalance between excessive formation of reactive oxygen species (ROS) (and/or the oxidants derived from NO) and limited antioxidant defences (Turrens 2003) .
There is substantial evidence for increased ROS formation in vessels in disorders such as hypercholesterolaemia, diabetes and coronary artery disease (Guzik et al. 2000; Hink et al. 2001; Spiekermann et al. 2003) , and also for the fact that treatment with antioxidants enhances endothelium-dependent
hypertension A Figure 14 . Schematic of two types of hypertension. In the normal situation, vasoconstrictor influences from outside the blood vessel (grey arrows) are counterbalanced by basal production of nitric oxide (black arrows) by endothelial NO synthase. Hypertension can occur in a situation in which vasoconstrictor activity is increased and more NO is generated in an attempt to compensate (Type A). In Type B, reduced synthesis of NO would result in hypertension even in the presence of normal amounts of vasoconstrictor activity. Modified and reprinted, with permission, from Rees et al.
.
vasodilatation in both the forearm and the coronary circulation of individuals with coronary artery disease and diabetes (Levine et al. 1996; Ting et al. 1996; Solzbach et al. 1997) . Peroxynitrite has also been implicated in these conditions once they are established (see Brosnan 2004) .
Since an early intervention may afford the greatest benefit in terms of preventing vascular disease, it is important to determine how early in the pathophysiological sequence of these conditions oxidative stress takes place and what is the involvement of inactivation of NO by O 2 K . Recent experiments suggest that O 2 K generation may indeed be involved in the genesis of hypertension induced by the powerful vasoconstrictor angiotensin II (Rajagopalan et al. 1996; Dzau 2001; Virdis & Schiffrin 2003) . This adds support to the concept that increases in blood pressure and hypertension might in some cases be the result of a decrease in NO-dependent vasodilator tone rather than increases in vasoconstrictor activity. Moreover, it strongly suggests the possibility that a free radical-dependent breakdown of NO might in some cases be the pathophysiological basis of such conditions, a hypothesis further supported by a recent report showing that a transgenic mouse which generates more free radicals from mitochondria has a hypertensive phenotype which can be reversed by antioxidants (Bernal-Mizrachi et al. 2005) .
There has been a great deal of research investigating the origin of O 2 K in the vasculature. So far, the activation of enzymes such as NADPH oxidases and xanthine oxidase has been implicated and substantial evidence now exists showing that the activity as well as the expression of these enzymes can be enhanced by pathological stimuli (see Cai & Harrison 2000; Mueller et al. 2005) . In addition, vascular cytochrome P450 enzymes that can generate O 2 K have been described (Fleming 2001) , and their inhibition appears to improve endothelium-dependent NO-mediated vasodilatation in patients with coronary artery disease (Fichtlscherer et al. 2004) . Another potential source of O 2 K is what has been recognized as uncoupling the NO synthase, a situation in which eNOS has the capacity to generate O 2 K under the specific circumstances of low L-arginine or low BH 4 (see Vasquez-Vivar et al. 1998; Stuehr et al. 2001) . The uncoupling of eNOS has been reported to occur in several pathological conditions such as diabetes, hypercholesterolaemia and hypertension (Stroes et al. 1997; Hink et al. 2001; Landmesser et al. 2003) . Uncoupling of eNOS due to depletion of both L-arginine and BH 4 , however is not likely to be an early mechanism of O 2 K generation, since the lowering of the substrate or the cofactor to critical levels probably requires drastic changes in the vasculature. However, the recent suggestion that uncoupling of the eNOS may result from subtle changes in the biochemical functioning of the enzyme is intriguing (Pritchard et al. 2001; Lin et al. 2003) . Because of our interest in the early events, we have concentrated in the last few years on the possibility that an initiating step in pathophysiology may be the release of free radicals from mitochondria.
NITRIC OXIDE, MITOCHONDRIA AND FREE RADICALS
In the mid-1990s, we and two other groups independently reported that NO inhibits the activity of the cytochrome c oxidase (complex IV), the terminal enzyme in the mitochondrial oxidative phosphorylation chain which catalyses the reduction of O 2 to water (Cleeter et al. 1994; Brown & Cooper 1994; Schweizer & Richter 1994) . The inhibitory effect was shown to be reversible, in competition with O 2 , and to occur at concentrations of NO likely to be present physiologically. Indeed, the affinity of the cytochrome c oxidase for NO is greater than that for O 2 , such that, for example, at 30 mM O 2 (a physiological concentration of O 2 ) the IC 50 of NO is 30 nM (Brown & Cooper 1994 ). Later we demonstrated in vascular endothelial cells that endogenous concentrations of NO modulate cell respiration in an oxygen-dependent manner (figure 15; Clementi et al. 1999) . This suggests that NO might, on the one hand, regulate cellular bioenergetics by regulating O 2 consumption (Brown 1999; Clementi et al. 1999 ) and on the other, by inhibiting cytochrome c oxidase, decrease electron flux through the electron transport chain and favour the generation of O 2 K (Poderoso et al. 1996; Moncada & Erusalimsky 2002) . It was further suggested that this mechanism might contribute to cell signalling through the subsequent formation of hydrogen peroxide (H 2 O 2 ) (Moncada & Erusalimsky 2002) . Increases in NO production were also shown to inhibit cellular respiration irreversibly (Cassina & Radi 1996; Lizasoain et al. 1996) by selectively inhibiting complex I through a process dependent on the increased generation of O 2 K and probably peroxynitrite (Clementi et al. 1998; Beltran et al. 2000) . For many years it has been believed that a small percentage of the O 2 utilized by mitochondria is not completely reduced to water and escapes as O 2 K (Chance et al. 1979) and, although it is not clear whether this actually occurs in endothelial cells in vivo, at physiological O 2 concentration there is the possibility that the redox status of the mitochondrial respiratory chain is a determinant in the escape of electrons required to generate O 2 K from O 2 . We have recently shown that NO, by favouring the reduction of the cytochrome c oxidase, facilitates the release of O 2 K from mitochondria ( figure 16 ). This is subsequently converted into H 2 O 2 with the resulting signalling consequences (Palacios-Callender et al. 2004) . It is likely that such a mechanism, which is just an extension of the physiological action of NO on the cytochrome c oxidase, might provide clues to the understanding of the early origins of oxidative stress in the vasculature, specifically in endothelial cells. Of particular interest is the fact that, if indeed this is the case, there is no requirement for an independent mechanism for generation of O 2 K ; instead, its generation is a consequence of an action of NO (Moncada & Erusalimsky 2002) .
A number of questions arise from all this work, such as the nature and function of this signalling mechanism Adventures in vascular biology S. Moncada 749 activated by NO in mitochondria. Superoxide and its dismutation product H 2 O 2 have for some time been recognized as signalling molecules acting on transcription factors which activate genes involved in defence mechanisms (Droge 2002) . If their release occurs under physiological circumstances one wonders whether their main function is to maintain an 'antioxidant tone' in the cells, thus providing a general defence for the endothelial cells which exist in direct contact with the oxygen-carrying blood. Whether, as we and others have suggested, imbalances in this system such as high NO or low O 2 are enough to initiate pathology (Poderoso et al. 1996; Beltran et al. 2000 Beltran et al. , 2002 , requires further investigation. Specifically, it needs to be investigated whether increases in O 2 K or deficiencies in its normal scavenging mechanisms might be an early step in a sequence leading to the activation of other systems that generate O 2 K such as those described above (Li et al. 2001 (Li et al. , 2003 Schafer et al. 2003) .
In this context, we have also shown that NO, by regulating mitochondrial behaviour, plays other intriguing roles related to general homeostatic/defence mechanisms. These include the initiation of a Ca 2C related interaction between mitochondria and endoplasmic reticulum leading to the activation of grp78-dependent stress response (Xu et al. 2005) and the activation of a AMPkinase-dependent glycolytic response (Almeida et al. 2004) . Both mechanisms might be relevant in the vasculature. Furthermore, we have recently shown that the inhibitory action of NO on O 2 consumption in the mitochondria has the further consequence of diverting O 2 away from the mitochondria to other areas of the cell and probably to surrounding tissues (Mateo et al. 2003; Hagen et al. 2003) . Whether this is a mechanism utilized to divert O 2 from the vascular endothelium, which is known to be glycolytic (see Mann et al. 2003) , to the vascular smooth muscle which requires O 2 is also unclear at present. A further finding in this area of research in which we are unravelling links between cell bioenergetics and signalling mechanisms is the observation that NO plays a role in mitochondriogenesis (Nisoli et al. 2003) . This is an additional indication that NO might be involved in the regulation of the balance between glycolysis and oxidative phosphorylation in cells. Interestingly, this latter effect is not the result of NO interacting with the cytochrome c oxidase but, unexpectedly, with the soluble guanylate cyclase! 9. THE TWO STORIES CONVERGE Although the research fields of prostacyclin/thromboxane and NO are now mature, they have developed mostly as parallel research activities with few points of contact between them. Thus, our understanding of how both might operate in relation to each other in physiology and pathophysiology remains to be developed. Table 2 shows some of the similarities between prostacyclin and NO. Both mediators, from very different biochemical pathways, play a variety of roles in the modulation and protection of the vascular wall. The release of both mediators is dependent on constitutive enzymes, the activity of which seems to be regulated locally, predominantly by the shear stress caused by the blood passing over the endothelial surface (Grabowski et al. 1985; Frangos et al. 1985;  for review see Boo & Jo 2003) . However, while the constitutive eNOS-localized only in the vascular endothelium-is the enzyme that responds to shear stress, the generation of prostacyclin is dependent on the activity of two enzymes, COX-1 and COX-2, in relation to which several questions remain unanswered. These include whether COX-2 is a constitutive as well as an inducible enzyme, and whether COX-1 or COX-2, or both, respond to shear stress by increases in their mRNA, their activity, or both (Topper et al. 1996 inhibit NOS no effect Garcia-Cardena et al. 2001) . Prostacyclin, unlike NO, is constitutively generated throughout the vessel wall (Moncada et al. 1977c) and at this stage we also do not know whether the ratio between COX-1 and COX-2 changes in the different layers. In addition, the similarities and differences between regulation of NO and prostacyclin by shear stress are only now being investigated (Osanai et al. 2000; McAllister et al. 2000; Walshe et al. 2005) . A clear synergism between NO and prostacyclin has been demonstrated in regard to inhibition of platelet aggregation; however, only one of them (NO) plays a role in inhibiting platelet adhesion. The significance of this difference remains to be understood. Many years ago a physiological role for platelets in repairing the vessel wall was investigated (for discussion see Higgs et al. 1978) . This subject has not been re-evaluated in the light of all this new knowledge about the roles of NO and prostacyclin in platelet/vessel wall interactions. Both mediators also regulate vascular smooth muscle proliferation and white cell vessel wall interactions through similar mechanisms which include, at least in part, the activation of adenylate cyclase and the soluble guanylate cyclase. The interactions between NO and prostacyclin in the control of these functions are not fully understood.
Both mediators are further increased by inflammatory stimuli; however, while in the case of prostacyclin the same COX-2 which responds to shear stress responds to such stimuli by a further increase in its expression, NO is generated during inflammation by a specific 'inducible' NO synthase which is not normally present physiologically in the vessel wall. The induction of both is inhibited by anti-inflammatory glucocorticoids (Axelrod 1983; Knowles et al. 1990) . It is remarkable that both compounds possess antioxidant properties (Wink et al. 1995; Egan et al. 2004 ) but are themselves affected by oxidative stress, which inhibits the synthesis of prostacyclin and decreases the bioavailability of NO. This mechanism might be relevant to the 'malfunctioning' of the constitutive generation of both mediators and therefore to the genesis of endothelial dysfunction. This, however, is an early phenomenon. In advanced disease the situation is far more complex, akin to chronic inflammation in other parts of the body and, as such, probably varies significantly in the different stages of the disease. A simple hypothesis would suggest that any amount of prostacyclin which is bioavailable, although proinflammatory, will provide anti-thrombotic protection, while in the case of NO the balance will vary between bioavailable NO which is protective and cytotoxic peroxynitrite formed from the interaction of NO with O 2 K . Currently, however, the results are not clear and on the crucial question of the role of both mediators in the progression of atherosclerosis, the information in relation to prostacyclin is contradictory (Burleigh et al. 2002; Olesen et al. 2002; Rott et al. 2003) . The evidence in relation to NO, on the other hand, seems to suggest that, while constitutive NO generated by eNOS is protective (e.g. Kawashima & Yokoyama 2004) , NO generated by the inducible enzyme favours the development of atherosclerosis (Chyu et al. 1999) . Studies of genetically manipulated animals are providing some important clues. For example, knockout of the prostacyclin receptor (IP) leads to mice with normal blood pressure but an increased tendency to thrombosis when the endothelium is damaged (Murata et al. 1997) These animals also exhibit an increased platelet activation and proliferative response to injury that can be prevented by deletion or antagonism of the TXA 2 receptor (Cheng et al. 2002) . Furthermore, deletion of the IP receptor in animals prone to spontaneous atherosclerosis accelerates the development of the disease (Egan et al. 2004; Kobayashi et al. 2004) . On the other hand, knocking out the thromboxane receptor or the thromboxane synthase gives rise to a mild bleeding tendency and a resistance to platelet aggregation and sudden death induced by arachidonic acid infusion (Thomas et al. 1998; Yu et al. 2004) . Deletion of the thromboxane receptor also seems to retard atherogenesis in murine models of atherosclerosis (Cayatte et al. 2000; Egan et al. 2005) .
Although the lack of either mediator has been shown to increase the risk of thrombosis and atherosclerosis, especially in animals with additional risk factors such as ApoE deficiencies (Kuhlencordt et al. 2001; Belton et al. 2003) , there seems to be a certain specialization in their actions, so that NO has a more significant role in the regulation of blood pressure and blood flow, while prostacyclin has a clearer role in regulating platelet/ vessel wall interactions. For example, inhibition of NO generation has an immediate and dramatic effect on blood flow and blood pressure and the eNOS K/K animal exhibits a clear hypertensive phenotype. On the other hand, inhibition of prostacyclin synthesis by the coxibs leads to a slow effect on blood pressure and apparently to a more thrombotic situation (Muscara et al. 2000; FitzGerald 2003) . Similarly, COX-1 K/K and COX-2 K/K animals show no change in blood pressure (Norwood et al. 2000; Cheung et al. 2002) and manipulation of COX or IP results in a prothrombotic phenotype.
Protection against decreases in the generation of constitutive NO and prostacyclin in the vasculature may prevent the development of vascular disease. In relation to NO, the most often tried interventions relate to the use of antioxidants (see Carr & Frei 2000) and the manipulation of eNOS expression by genetic means (Von der Leyen & Dzau 2001) . Each of these interventions has shown promise in both animal experiments and in humans. An unexpected and highly interesting development relates to the effects of statins which, in the last few years, have been shown to increase the production of endothelial NO in endothelial cell cultures and in animals (for review see Laufs 2003) . Many mechanisms have been claimed for this action. However, of interest in the context of our discussion is the fact that statins have been claimed to reduce oxidative stress by increasing the synthesis of BH 4 (Hattori et al. 2002) , increasing the coupling of the eNOS (Brouet et al. 2001) or reducing the activation of NADPH oxidase (Wagner et al. 2000) . Reduction of oxidative stress is likely to preserve the generation of prostacyclin, and to our knowledge there is at least one report suggesting that statins also increase prostacyclin in endothelial cell cultures of human coronary arteries (Mueck et al. 2001) . Studies on the transfection of COX-1 or COX-2 into endothelial and other cells, on the other hand, are at an early stage and clear results are not conclusive (Murakami et al. 1999; Shyue et al. 2001) . The full consequences of overexpression of both NO and prostacyclin in the vasculature remain to be investigated.
Also relevant to this discussion are studies of the role that NO and prostacyclin play in the protection of the cardiovascular system provided by oestrogens, and therefore in the difference between genders in susceptibility to cardiovascular disease. Oestrogens increase the expression and the activity of eNOS (Weiner et al. 1994; Yang et al. 2000) and the activity of the COX-2 enzyme (Akarasereenont et al. 2000; Egan et al. 2004) . They could therefore reduce oxidative stress by simply increasing both mediators. Alternatively, it has been claimed that oestrogens increase the efficiency of the NO synthase, thus reducing free radical formation (Barbacanne et al. 1999) .
In summary, the concept of the balance between prostacyclin and TXA 2 has to be expanded to include NO. Furthermore, although not discussed in this review, the way in which these compounds interact with many other systems known to be involved in vessel wall physiology and pathophysiology requires further investigation. Both prostacyclin and NO synergize in the protection of the vessel wall. TXA 2 , however, lies on the negative side of this balance being responsible for, among other things, platelet aggregation and vasoconstriction. The investigation into the interplay between these three molecules is just beginning. This is a sobering thought when one is contemplating probably close to 100 000 papers and over 30 years of research! However, it is clear that the discoveries of prostacyclin and NO have transformed our comprehension of vascular physiology and opened avenues for further understanding of pathophysiological processes. This knowledge has already benefited clinical medicine and no doubt will continue providing clues that will guide future therapy and prevention of vascular disease. I have had the good fortune to be intimately involved with both discoveries. More importantly, many of the colleagues that I have interacted with in the process of doing this work have become life-long personal friends. To those with whom I have managed to combine scientific excitement with friendship I owe a double debt of gratitude.
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